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AN  ikNALYSIS  OF  EDDY  CURRENT  LOSS  IN  LAMINATED  CORE  MATER I>  I 


INTRCDUCTIOiX 


1.  The  popular  expression  given  In  the  literature  (Rei's.  1 , 

2,  p)  for  the  eddy  current  power  I033  per  unit  volume  at  L.w 
frequencies  in  ferromagnetic  laminations  which  form  the  core 
of  a long  solenoid  or  a toroid  is 


IP 

"v 


j-K.Tra 


tht  definition  of  the  symbols  will  be  given  in  the  text  of 
this  report.  This  expression  is  derived  essentially  by 
finding  the  average  effective  current  density  from  thc- 
assurapt ten  of  an  average  effective  magnetic  field.  The  line 
integral  of  the  electric  Intensity  vector  about  a chosen 
area  set  equal  to  the  time  rate  of  change  of  the  flux  passing 
through  the?  area,  plus  the  use  of  Cion's  law,  enables  one  to 
find  the  average  effective  current  density.  Squaring  this 
current  density  and  dividing  by  the  conductivity  yields  the 
power  loss  expression  given  above. 


2.  A more  rigorous  solution  to  the  edd-"  current  power  loss 
problem  for  a non-ferromagnetic  - - constant  permeability 

can  be  obtained  by  solving  Maxwe.i  e equations.  This  solution 
for  the  power  loss  per  unit  volume  obtained  by  this  method, 
and  derived  in  detail  below,  is 


f«"  ?Tr J Wf  <3  (ii) 


i 


* \ 

i'/  ^ 


*rr<iV3Vf 


(in: 


A comparison  of  the  popular  expression  (I)  with  the 
rigorous  expressions  (II;  and  (III),  derived  for  the  non- 
ferromagnetic  case,  shows,  among  otter  things,  that  (I)  also 
cannot  be  properly  applied  to  the  f erromagnetlc  case.  Other 
results  of  the  comparison  are  given  in  detail  below, 

3.  The  following  material  in  this  report  contains  a deriva- 
tion of  the  eddy  current  power  loss  per  unit  volume,  as 
given  by  the  above  expressions  for  a laminated  core  having  a 
constant  pernu ability  and  negligible  hysteresis  effects. 
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FORMULATION  OF  THE  PARTIAL  DIFFERENTIAL  EQUATION 
FROM  ~ M XWELL7  S ~ ECgfAt  IONS' 

^r.  The  variables  associated  with  an  electro  magnetic  field 
in  aoj  lamination  of  dlmer,3ioos  large  compared  to  atomic 
dimensions  must  satisfy  the  following  two  Maxwell's  equations 


f 


7 « H **  d 


•JU 


I. Rationalised  w-K.S.  Units) 
(Rationalized  M,K.£.  Units) 


here  S *=  electric  intensify  vector 

D * electric  displacement  vector 
B = magnetic  induction  vector 
H - magnetic  intensity  vector 
J = current  density  vector 


0) 

(2) 


If  we  assume  that 

Wt'*  K,  ji„  = ««sv‘-ir 

-or. 


(3) 

(4) 

(5) 


Km  = the  permeability 
f.j.  = •‘+7r  x 1C-7  henry/  an  ter 
CT  = specific  conductivity 
£ = D/E  « Ke £* 

tf.r, i = dielectric  constant 
; j ■■=  6*85  x 10~1L  ,4*rzc  /ir‘b+rr 
OO  =«  Angular  frequency  « 2tt*' 

equations  (1)  and  (2)  can  be  combined,  by  use  of  O)  avid  (5) 
to  give  the  partial  differential  equation- 


'\7  H 'X  ** 0 


(6) 


For  frequencies  at  which  rV/up  * > £ equation  (5)  becomes 
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lhl«  equation  In  e.m.u.  Is 

To  obtain  the  boundary  conditions  1st  us  first  inspect  fig- 
ure 1 which  is  a sketch  of  part  of  an  infinite  solenoid 
having;  a square  cross  section  and  containing  thin  rectangular 
laminations  which  have  their  longitudinal  axes  parallel  v: 
the  axis  of  the  solenoid.  If  a line  integral  of  the  magiacic 
Intensity  is  taken  around  the  path  a b c d a,  which  is  In  a 
plane  that  lies  between  the  laminar. ions,  we  eee  that  just 
the  line  integral  from  a to  b i3  of  importance  since  the 
magnetic  intensity  is  perpendicular  to  paths  ad  and  oc  and 
the  magnitude  of  the  field  outside  of  the  solenoid  is  zero. 
Because  of  symmetry,  the  field  at  any  point  along  ab  1e  con- 
stant and  Its  magnitude  Is  determined  by  the  total  current 
passing  through  the  area  abed.  For  low  frequencies  at  which 
displacement  currents  "oetveen  the  lamlnatbns  are  negligible, 
the  curx’ent  passing  through  the  area  is  N1  where  N is  the 
number  of  turns  enclosed  by  area  abed  and  1 is  the  Instantan- 
eous value  of  current  passing  through  the  wire.  Hence  from 
Ampere's  circuital  law  In  rationalized  M.K.3.  unit3  we  get 
for  the  magnetic  field  intensity  between  the  laminations 


Whi 


where  n is  the  number  of  turns  per  unit  length  of  the  sole- 
noid. Because  the  field  at  any  point  Is  determined  solely 
by  "n.'i  , the  boundary  condition  for  (7)  is  that  the  instan- 
taneous value  of  the  magnetic  Intensity  at  any  point  on  the 
boundary  of  any  lamination  is  the  same  as  that  at  any  other 
boundary  point  and  la  given  by  (9)* 

5*  Figure  2 is  a 3ke:ch  of  a section  of  or.e  lamination.  Ih< 
origin  of  the  coordinates  is  chosen  so  that  the  plane  y --  o 
llee  midway  between  the  two  largest  parallel  surfaces  of  toe 
lamination  or.  In  other  words,  there  surfaces  are  at  y = 

+ T where  T is  the  half  thickness  of  the  lamination.  If  tae 
^ axis  of  the  lamination  is  parallel  to  the  solenoid  axis, 
the  magnetic  Intensity  will  have  only  a Z component.  The 
penetration  of  magnetic  intensity  into  the  lamination  to 
points  rot  too  close  to  x «=  + W will  come  mostly  from  the 
y - + T surfaces  because  of  the  shorter  penetrating 
distance.*  Involved.  From  (2), 


3 


r 


Consequt  nt 
to  the  uijt 
become o re 
point?  Jn 
t tally  hat' 
X ^ + V,'/2, 
wlll'loek. 
consequer.c 
of  y is  Ih 
appror.lrrat 
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iy 5 if  the  lamination  eolckne'js  la  small  compared 
th,  the  second  term  of  the  right  Bide  of  (lO; 
lutively  small  compared  to  the  first  term  for  me:: 
the  lamination.  Hence,  th«  current  density  essen- 
just  an  "X"  component  except  near  the  edges, 
and  the  current  path  for  constant  density  amp!.]  .::: 
something  like  that  shown  In  figure  2.  Another 
•e  of  the  intensity  beinr  principally  a function 
•it  the  Laplsclan  of  the  in  .«noity  of  (7)  become.? 
ely 


* x CT  u. 


(11) 


Since  the  magnetic  intensity  at  poin  s inside  of  a lainim.t V 
is  a complex  function  of  y ar.d  since  the  magnetic  Intensity 
penetrates  the  lamination  from  both  tides  (y  “ + T)  In  £ 
similar  marine^.  at  ?/  « o must  either  bo  zero.  Infinity 


the  physical  case  Is  that 

dH-  ^ 
r o 
dy 

at  y = o.  Thin  13  th:  second  con  .tit  Ion  that  tlie  solution  of 
(7)  must  satisfy. 

30LUTIQII  OF  THE  PARTIAL  i-JK-TREKTIAL  EQUATION 

6.  The  solution  of  (11 ) \*hich  satisfies  the  required  concH- 
tlonn  can  be  found  by  the  usual  'separation- of -variables 
method  If  jjl  Is  constant  and  a sinusoidal  current  is  passed 
through  the  windings.  Such  e.  solution  is  of  the  form 

- V\,  . . 

>'U*  A(c  + e /€.  - 2.  A coshrfy  e 


where 


If  we  take  the  derivat  ive  of  with  respect  to  y wc  see 

thet  /Ay  « O AT  y«  O.  Ay  y * H» .»  Hfi  ©*.  from  (cv> 

H 3 - ni - r I e ^ 2Ap'  ^co*V\  «cr  '13' 
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where  1 is  the  amplitude  of  the  sinusoidal  current  p-tBs;.nt> 
through  the  winding.  The  complete  approximate  solution  of 
(7)  for  the  case  of  laminations  of  thickness  small  compered 
to  tie  width  ia  then 


A * = nT  'hfhiu  ^ 

cosher 


(15) 


The  real  test  of  this  solution  is  that  we  should  be  able  to 
find  the  current  density  by  two  different  ways  from  I-i&xv ell’s 
equations.  The  first  method  uses  ( 1 ) , (d)  and  (5)  as  follows: 


i/  o 

cos  Vocr  v- 


V * L - dial  - - <3jB  . .^u  n I cosWv  .1 

dy  ^ 

a.  - c3  J* 

cr  . 

4^'  a XUKT^aI  p 

<5y  * coih<rr 
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(16) 


e 


T = s^W  <#1Wi  ctnl  siriW 

UX  1 _/  i v i 


a'  G»5Kik7  ^ coiKot-T  ^ 


i*t 


l/s  -\z:a  also  find  J by  using  Just  (2),  ie, 

J * V * H ~ T <*!k  - jotn  [ si  .-Jiff  0 

s/  co41ir v 

Jn  - |JI-flinI*!!^£rert 

c*.<sV\  tLT  ^ 

The  identity  of  (16)  and  (17}  chows  that  (IS)  is  the  corroor, 
solution  of  the  problem  under  the  assumptions  involved. 


(17) 
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IMPEDANCE  OF  A TOROID  CONTAINING  A LAMINATED  CORE: 

1>  If  the  cross  section  of  the  winding  of  a toroid  is  saw  1 1 
compared  to  the  larg^  radius,  the  field  distribution  can  he 
considered  to  be  the  same  as  that  id  a long  solenoid  and 
expression  ( li> ) may  be  employed  for  a toroid  containing 
laminations  of  thickness  3rcall  compared  to  their  width. 

Ufcing  (15)  the  flux  contained  in  one  lamination  of  a 
toroid  is  . *r 


(Btt.o  =■  jiW  fl-|dv,  Tam! 


(18) 


The  flux  (J)’1  in  all  the  laminations  (for  laminations  of  equal 
dimensions  and  properties)  is 


(19) 


where?  m is  the  total  number  of  laminations. 

The  combined  cross  section  area  of  c.he  lamination  plus  the 
leakage  area  Ap  equals  the  cros3  section  area  A’  of  fchs 
winding,  i.e. 


A’-  l-« ru  '-A,  - ’( a'  L(t  - k)  A* 


(£0) 


where  K is  a constant  defined  as 

K * Total  Lamination  Area 
Te£aT  Cross  Section  Area 


jT"  Winding 


From  (15)  the  total  flux  $ in  the  toroid  is  then 

1 r iwt 

e' 

.■>  t 

JLT 


(21) 


(22) 
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If  the  D.O*  toroid  reslrtarce  Is  negligible,  the  voltage 
drop  v across  the  toroid  le 

':WtcO- AN‘A (2t 


The  air  core  inductance  Lo  or  the  toroid  le 


U~  A H 


(24) 


with  willed  (2?)  can  be  written  aa 


\r 


\ AX  | 1 


(Wf 


For  high  Permeability  laminations  or  for  K =»  1 


<*T 


- » l - K 


(25) 


and  the  expression  for  the  voltage  across  the  toroid 
becomes 


(26) 


Because  is  complex  we  will  express  (26)  in  a more  signif  y 
form  as 


y-  m \Z  ?\toL.  J cosViS 

^ | i 7 

where 


T ■U,^/  ? .»wMT->«NdT 

le  (27> 


*.n  o.m  u«  is  v . , 

: V2.Ql.wL.  <-«sU  T-u»iT  | (e  P7  (28) 

£*V  |c-osV(^'T-Vcos<i'T  | 
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Leant 
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where  v\'t  Ve'trcr H tM 

The  inpu*-1  j.ncs  Z of  the  toroid  In  M,K.5«.  units  one!  e.ta.Uc 
1?,  respectively,  , 

zt  > }L  ~ M ^ k-»  - u>  •-*>  -T  Z /’  <4.  >tis«i4  jt  / 00  x 

• v rT  rolUVrvco£rt  f / *«*<<*T 


- 


. si 

>r  ' V p.  Uk>  l , I <;  >5  *■  t!_T  j ,k  ^ . »»j1  \ Y *•  s»»i  6 f 

^ C^*  T | C»K>  ’•  J 'V-’-caS  J 51  / v‘~5!wd  T ! 


The  resistance  and  Inductive  reactance  cf  :he  toroid  are, 
cf  course,  the  real  and  Imaginary  parts , respectively,  of 
the  above  expressions  and  noth  are  func  cions  of  the  fre- 
quency, permeability,  conductivity  and  lamination  thiclme^: 
If  we  call  the  real  part  of  (29)  or  (j>0)  Rc#  the  effective 
res  .star  ?.t,  and  the  Imaginary  ?art~il_~,  the  effective 
inductive  reactance-  the  effective  ir.pt  dance  is 


vhj-  y»\. 


(31) 


This  effective  Impedance  is  equivalent  to  that  obtained  by 
Y,  -j.  Scoot  (Ref.  4).  The  total  impedance  ^.T  of  the 
toroid  13  equivalent  to  (jl)  in  secies  with  the  d.c.  resis- 
tance R^c  of  the  toroid  winding  or 


- 


(32) 


6 , It  nan  desired  to  experimentally  check  (29)  and  (3 0 ) 

*ith  a ?.a;aiuated  core  of  constant  permeability  and  no 
hysteresis  effect  which  means  that  such  a core  would  have 
to  be  non -ferromagnetic . An  experinental  check  on  the 
sbove  expressions  should  be  perforned  c-n  laminations  wilier 
have  e thickness  email  conpexcd  to  the  lamination  wldtUc 
The  toroids  that  could  be  made  at  the  Hava*  Ordnance  Laboratory, 
which  would  not  involve  an  excessive  amount  of  expense „ 
ratori&l  and  time,  would  require  a lamination  of  a roaxlmuii 
thickness  of  about  25  uillo  in  order  that  the  acoumptior.s, 
made  in  the  above  expressions  apprxx iiaatel.,-  represent  thi 
actual  physical  case.,  Hov/cver,  if  r copper,  aluminum,  cr 


9 


t 

t 
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other  readily  aval  lable  ncn-f erroraagnetic  materials  of  cor  - 
st. a nt  permeability  (l,e.  p.  = 1)  were  used  for  laminations; .. 
the  low  peirrreaDility  characteristic  of  these  materials  would 
cause  relatively  small  eddy  current  losses  as  compared  to 
those  induced  In  nigh  permeability  ferromagnetic  materia! a 
even  though  the  conductivity  of  the  former  might  be  seven. I 
times  greater  than  the  latter.  Because  of  the  small  eddy 
current  effect  encountered  by  using*  non-ferromagnetic  la*-'  i- 
atlons  of  reasonable  thicknesses  oi*  should  we  tay,  "thin- 
nesses 4 changes  in  the  resistance  and  Inductance  would  nr 
difficult  to  detect  at  frequencies  low  enough  :o  that  cap-.  :lty 
effects  would  not  be  introduced  to  complicate  .etturs-  Coise- 
qaert-ly,  i.  toroid  with  a solid  circular  core  was  construct  id 
to  experimentally  check  the  following  theory. 

/ 

1MFE  UNCE  OF  A TOROID  H.7VIMG  A SOLID  HOUND  GQPPER  COM. 

9.  If  R 5 s the  cross-section  radii:;  of  the  solid  toroid 
core  and  r is  the  distance  from  the  core  center,  the  fielc 
distribution  in  the  core  will  ho  cone  equivalent  to  that  in 
a core  of  infinite  length  and  of  the  same  radius  R and  core 
material  if  the  radius  of  the  to; old  is  large  compared  to 
the  cross-section  radius.  If  the  arils  of  the  long  cylindrical 
C'.ce  lies  along  the  Z axis,  the  field  will  be  Independent  of 
Z and  the  Lap lac  Ian  of  (8)  bee ires  equal  to 


The  separation  of  variables  method  gives  Bessel's  differ-: r ;ial 
equation 


+r‘R'0 


(>■•) 


v/here  R^is  the  expression  for  the  field  as  a function  of 
r and  C'  *■“•■5074 10.  (3J|  ) has  the  solution 


H - H0  6 JoCcr) 


(3!>) 


and  (55)  represents  an  infinite  series  of  the  form 
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H = H 
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O v. 


' (l  -V- 1 
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- ■*>  1 
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Ilf)1  zA&*Y  r(YY 


!U 


$on 


4..  ^ 

f.  (g£>  .04  \ 

l'tW*FWv- 1 


*© 


+ 4$ 


fter)  (ir) 


?_*  !W4'?(50 


it  r) 


*>v  » 

b 


J 


(^) 


whs  re  ss^-  The  field  H?  at  tne  boundary  of  r » R i£ 


r 


/-  ? pi 

H «•  n I ©6  ;=  H* €-  4~  1*J 


( 37 ) 


a:ic.  consequently  O'  and  \J>  ere  the  b»«*  and  !ta-«  functions  of 

$$?,  respectively.  Hence  ^ f .8 

w ~ *iT«»  |!' F j'j « iitiU  -fe£L 

- S*^-  &'\«i*{2!»: ! *W„  ' 

, • ( iitlL MIL _ fieil..v:,\|  / 

■*v  aa  ?f(Si?  /J 


=<' 

The  flux  c|>  therefore  is 
R 


•£*  -if, 


©sJ 2'(T r H dir  s L 6 £±i£, 

i>4- j ^ 
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( *cj  ’l 


voere 
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Th«?  voltage  v across  the  toroid  is 

J*  ^ 

• p ^ foti+S'?  -<•  .«(av  ^<T)  I (41) 

and  the  effective  resistance  F.^.  ar.d  inductance  l’  of  the 
toroid  with  no  leakage  space  between  the  core  ana  the  winding 

p.*  „ ■;  ■ 1 <5»l  ‘ >*  f \ 


V<V-v$</ 


/ Y^-H'vA 

■’'-'XSTTFl 


(>*) 


But  if  there  is  leakage  space  and  the  l-atio  of  the  cross- 
section  of  the  solid  core  to  the  cros3  section  of  the  wine  ing 
is  called  K,  then  the  effective  resistance  Re  and  effective 
Inductance  are 


(M.K.S.'i 


('?) 


J t l '**  ^ 

*A 


+ (i 


(1-4) 


Figure  3 shows  the  theoretical  and  experimental  values  of 
the  effective  resistance  and  inductance  of  a toroid  about 
12  inches  in  diameter  with  a 1/2"  diameter  solid  annealed 
copper  core  having  4»n  es3uraed  conductivity  cf  .591  X 10® 
mho3/cra. 

9-  The  observed  and  calcu?.ated  values  of  the  effective 
inductance  come  within  5$  of  each  other*  while  the  observed 
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PLOT  OF  THE  EFFECTIVE  RESISTANCE  AND 
INDUCTANCE  VS.  FREQUENCY  OF  A 12*  DIAMETER 
TOROID  HAVING  A SOLID  ANNEALED  COPPER 
CORE  OF  A Vt"  DIAMETER 

Fig.  3 


i 


Effective  Inductance  (micromenrys) 


r 
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arid  calculated  resistance  agree  to  within  \yfc  except  at 
212  O.P.3.  point,  at  which  frequency  the  bridge  employed 
aeon  not  give  the  most  accurate  experimental  measurement*. 
These  results  are  in  fa^r  agreement  If  we  remember  that  the 
conductivity  of  copper  was  assumed  to  be  that  given  in  the 
Physics  Handbook  and  that  all  of  ths  flux  was  assumed  to 
lie  within  the  toroiu  winding.  The  purpose  of  the  work 
ccnnected  with  figure  J>  was  to  show  that,  the  absolute  values 
of  inductance  and  resistance  can  be  accurately  calculated 
If  the  cere  permeability  is  constant,  and  If  there  is  no 
hysteresis  effect  present.  We  shall  now  continue  with  {2J) 
arcl  (2$>)  to  find  the  expression  for  the  Epstein  test  pcvjer 
less  per  unit  volume  of  core  material  of  thin  laminations 
having  a permeability  which  is  assumed  to  be  constant 
throughout  the  core. 

POWLR  LOSS  IN  HON-PERUJMAQNSTIO  LAMINATED  CORES 

11.  Neglecting  the  d.c.  winding  resistance,  the  power  loss 
? of  the  toroid  is 

V *■  ecs  a (4;-; 

e 

wherein  and  I n are  the  amplitudes  of  the  voltage  end  current, 
respectively,  and  G is  the  phase  angle  between  the  voltage 
and  current..  From  (2S),  \Jm  <n  q fT-  >yL.  is 


Vm 


k **>L  { r-cos^Th 


(46) 


By  substitution  of  Y*  obtained  from  (46),  (45)  becomes 4 

“it 


vC  J't 


1 S T -t  C 03 f _ 


p * 12LX-J. — ~ f :*~r— « » - 

r ' * ' d-QS  ^ > i CO fii)  ‘ 


: COS 


COS© 


where  cc*6 


& T--  $ * 
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and  by  simplification 

P - _ 1 S^irt^r-SIM  j '• 

4Kp'-’  u>  I CO$W?~  GOS&  T 


For-  toroldB  leaving  K >.  or  for  cores  In  which  the  permeab  '.1- 
lt;v  is  very  much  greater  than  1,  the  "effective”  Induction 
Bra  la  defined  as  the  maximum  amplitude  of  the  sinusoidally 
varying  flux  divided  by  the  core  cross-sectional  area  and  Is 
given  oy  the  relations 


c 


r> 


t 


j\i  cO  ^ Ds 


(50) 


where  \ and  K were  previously  defined  by  (20)  and  (21). 
The  expression  for  the  power  Ices  in  terms  of  iwa  is  then 


Snwh  d ^ T J 


where  / is  the  mean  magnetic 
Dividing  both  side3  of  i 51)  by 
for  the  power  loss  per 


j SiSi^jXriSIN^V  j 

^cos^  cos3  Tj 


(hi) 


le,ngth  of  the  toroid. 

Al,  the  expression  we  obtain 
unit  volume  of  a core  material  is 


V 


^ i<  B nV&*^ ^ t*  Vi  r c-$h  | 

'hS’T-cosfh  | 


{ CO-51 


(52) 


Figure  4 shows  {SX^S'j"  CG&&  r) 


plotted  as  a function  of  S't  = ait  which  may  be 

approximated  by  drawing  twe  straight  lines  which  intersect 
at  5'i- J . Consequently,  f ov*  f 5^.3  # 
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s^K£t- sh^'v 

cosrf ' '■  ' cosA*  f 3 

and  for  <5't>3 


$*►*!■>  $>  T - $(«o  <J't 
CO£ &'T  — vOS ^ T 


This  may  be  summarized  in  e.m.u.  as  follows: 


Fo-  Vqttct^  T = * 3 


£ 

v 


V 


55 ) 


(54) 


(55) 


whare  the  lamirafcion  thickness  d = 2T 


For 


VgT^cr^w  T ~ <£  > 3 

t-t  z r % * J 

£ - ttk  T cr  6 


K 


■ 

12.  Bozorth  (Ref.  l)  gives  for  the  power  loss 


(56) 


x , * 


£ - t - ! 

V “ £> 

A .4  v 

c Baf 


IP  - 


2 M 


£5’?nr<=r  {v#  * <i 


foV-  if  » 1 


(57) 


(58) 
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It  should  be  pointed  out  that  © ol’  (57)  Is  not  the  same  a3 
of  (58).  In  (57) » © Is  the  Induction  when  flux  pene- 
tration is  complete  and  hence  i3  the  same  as  ourKi,  in  (55) 
so  that  these  two  expressions  agree.  In  (58),  B'  is  the 
maximum  effective  induction  at  the  edge  of  the  sheet  and 
i3  defined  as  where  ^ is  the  effective  permeability 
and  h^is  the  amplitude  of  the  sinusoidal  field  at  the 
lamination  boundary.  However,  our  B^ls  defined  as  the 
effective  Induction  obtained  by  averaging  the  maximum 
amplitude  of  the  induction  over  the  area  of  the  sheet  and 
hence  can  be  expected  to  be  different  from  . In  fact, 
Bozorth  shows  that  if  is  the  actual  value  of  the  constant 

permeability,  then  when  $ is  lprg^  .. 


anc 


l 

/ x ^ . This  leads  at  once  to  p1  Mb  *' ^ 


so  that  (56)  immediately  reduces  to  (58)  as  it  should. 
Also,  inspection  of  figure  4 shows  that  the  critical  value 
of  j)  can  be  more  definitely  specified  than  those  of  (57) 
and  (53). 


CONCLUSION 


13 o We  have  seen  how  (55)  and  (56)  are  derived  by  assuming 
the  laminated  core  material  to  have  a constant  permeability. 
Further  eddy  current  analysis  was  attempted  for  a hypothetical 
core  material  having  a variable  permeability  with  no  hyster- 
esis effect.  A simple  relation  was  assumed  for  a variable 
permeability  i.e.,  (this  Is  roughly  true  for  some 

materials  at  tha  lower  portion  of  the  magnetization  curve) 
However,  no  solution  was  obtained  because  of  the  complexity 
of  the  partial  differential  equation  and  the  boundary  con- 
ditions to  be  satisfied.  It  is  doubtful  that  its  solution 
for  the  power  loss,  if  possible,  would  be  equal  to  (5$) 
and  (56)0  By  this  reasoning  it  is  concluded  that  (55)  and 
(56)  are  intended  for  non-ferromagnetic  materials  and  if 
they  are  applied  to  calculate  the  power  loss  in  laminated 

ferromagnetic  cores,  an  anomaly  will  result. 

/ 
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